There are very few xenograft models available for the study of esophageal (E) and gastro-esophageal junction (GEJ) cancer. Using a NOD/SCID model, we implanted 90 primary E and GEJ tumors resected from patients and six endoscopic biopsy specimens. Of 69 resected tumors with histologically confirmed viable adenocarcinoma or squamous cell carcinoma, 22 (32%) was engrafted. One of 11 tumors, considered to have had a complete pathological response to neo-adjuvant chemo-radiation, also engrafted. Of the 23 patients whose tumors were engrafted, 65% were male; 30% were early stage while 70% were late stage; 22% received neo-adjuvant chemo-radiation; 61% were GEJ cancers. Engraftment occurred in 18/54 (33%) adenocarcinomas and 5/16 (31%) squamous cell carcinomas. Small endoscopic biopsy tissue had a 50% (3/6) engraftment rate. Of the factors analyzed, pretreatment with chemo-radiation and well/moderate differentiation showed significantly lower correlation with engraftment (Po0.05). In the subset of patients who did not receive neo-adjuvant chemo-radiation, 18/41 (44%) engrafted compared with those with pretreatment where 5/29 (17%, P ¼ 0.02) engrafted. Primary xenograft lines may be continued through 4-12 passages. Xenografts maintained similar histology and morphological characteristics with only minor variations even after multiple passaging in most instances.
Experimental models of cancer have been crucial in the understanding of tumor biology and in the development of new therapies. In esophageal (E) and gastro-esophageal junction (GEJ) cancer, there has been a steep rise in incidence in developed countries while the 5-year-survival remains as low as 19%. 1 It has been challenging for preclinical models of E/GEJ cancer to reproduce tumor characteristics and heterogeneity. Traditionally, E/GEJ cancer cell lines have been used either in vitro or injected into immunocompromised mice in order to study the effects of new therapeutics. In general, this method has been successful in interrogating large numbers of potential therapies in many types of cancers. 2, 3 However, cancer cell lines may lack some of the molecular heterogeneity seen in primary samples and may acquire in vitro mutations, which can alter both genomic and phenotypic factors compared with the patient's original tumor, [4] [5] [6] although other studies dispute these findings. 7 In the case of E/GEJ cancer, the popular commercial cell lines SEG-1, BIC-1 and SK-GT5 were recently discovered to be contaminated. 8 Thus, there is a need to develop better preclinical models of E/GEJ cancer that may complement in vitro cell line models.
Primary tumor xenografts (PTXGs) show promising signs of being an alternative preclinical model of disease. PTXGs are created by implanting tumor fragments from a patient into immunocompromised mice and using the resultant tumor for tissue expansion and subsequent experimentation. Similar models of lung, 9 breast, 10 pancreatic, 11 colon, 12 head and neck 13 and various other gastrointestinal and female genital cancers 14 have been shown to recapitulate the original tumor by having similar histology and cell morphology to the patient tumor. Though few studies have focused on the genomic similarities of patient tissue and primary xenografts, those published suggest that mutations are generally conserved. 15, 16 In addition, because these models are established under more physiological conditions (ie, temperature, oxygen levels, nutrient content etc.), they may be appropriate for representing human cancers in specific settings.
Some attempts have been made to establish models of primary E/GEJ cancer xenografts. For E/GEJ adenocarcinoma, previous studies have successfully established primary xenografts using nude mice. 17, 18 Similarly, xenografts have been created from various primary squamous cell carcinomas. 19 These studies, however, have not focused on the factors that might contribute to engraftment. We sought to identify the clinicopathological and technical predictors of engraftment in PTXGs and to determine the representativeness of PTXGs to model human cancer biology, chemoresistance and their utility in testing novel therapeutics.
MATERIALS AND METHODS Animals NOD/SCID and NOD/SCID/IL2Rg
À / À mice were bred internally at the OCI Animal Care facility and ranged from 4-6 weeks old. All animals were kept in a pathogen free environment on a standard 12-hr day/ 12-hr night cycle and were fed a standard sterilized pellet diet and water ad libitum. Animals were treated under the ethical guidelines of the Animal Care Committee at the OCI Animal Care Facility.
Tissue Processing, Implantation and Treatment
The study was approved by the Research Ethics Board at University Health Network. E/GEJ cancer tissue (known as P0 or Passage 0) was obtained from patients undergoing E/ GEJ resection at Toronto General Hospital, Toronto, ON. Biopsy specimens were obtained from patients undergoing endoscopies for pathological confirmation of carcinoma at Toronto General Hospital. In both cases, fresh tissue was stored in RPMI 1640 medium (no FBS added) until it was cut into small pieces of B5 mm Â 5 mm by using a sterile surgical blade. One representative piece was saved in Optimal Cutting Temperature (OCT) compound and frozen at À 80 o C for further molecular analysis. Within less than 24 h, pieces were implanted subcutaneously, initially in the lowerright abdomen, and later the flank of NOD/SCID mice. Mice were palpated regularly for signs of tumor growth. Once palpable, tumors were measured twice weekly until they had reached a maximum size of 1.5 cm. When the tumor was surgically removed, representative pieces were preserved in various fixatives for additional analysis. H&E slides were made from FFPE blocks in order to follow any changes in morphology and to confirm the epithelial nature of the tumor. The rest of the tumor was sectioned in 5 mm Â 5 mm pieces, which were reimplanted in a new generation of mice subcutaneously. This process was repeated for every passage. Tumors were considered engrafted if they were passaged at least once in vivo (ie, P1). Tumors were considered not to have engrafted if no tumor growth was detected for at least 6 months after implantation (ie, no P1) or if the mass was caused by a non-epithelial cell proliferation (eg, lymphoid cells only).
Chemosensitivity experiments were conducted on cohorts of 10 mice per group. Once tumors reached B300 mm 3 , mice were randomized into control and treatment arms. The chemotherapy group was treated with 5.4 mg/kg of cisplatin (1 mg/ml, Hospira, DIN: 02126613) and 9 mg/kg of paclitaxel (2 mg/ml, Hospira, DIN: 02296624), while the control group was treated with saline. Tumors were measured twice a week, using metric calipers. Volume was calculated using the ovoid formula: Volume ¼ (Length * Width 2 )*0.52.
Short Tandem Repeat (STR) Analysis
STR profiling was attempted on all xenograft lines. We compared profiles from patient tissues to the latest xenograft passage from each line. Ten slices from OCT frozen samples or FFPE blocks were cut, each 10-mm thick, and DNA was extracted using the phenol-chloroform method. STR analysis interrogated 16 different loci, using the AmpFlSTR Identifiler PCR kit (Applied Biosystems: 4322288).
Clinical and Pathological Information
History of Barrett's esophagus, heartburn, alcohol and smoking were obtained from self-administered patient questionnaires while treatment and outcome information (ie, overall survival (OS)) was obtained through the electronic patient records (EPR) system at PMH. Pathological data for each patient was reviewed and compared with each xenograft passage by a team of subspecialized pathologists.
Statistical Analysis
Engraftment was correlated to clinicopathologic features, and to OS. Fisher's exact and t-tests were used to determine the univariate association of individual clinicopathological features with engraftment. Multivariate logistic regression was used to identify independent predictors of engraftment. OS was defined as time between surgery and the last date known alive or date of death. Disease-free survival (DFS) was defined as the time between surgery and last date known without progression/recurrence/death or date of progression/ recurrence/death. The Kaplan-Meier method was used to calculate OS and the log-rank test was used to test significance. A Cox proportional hazards model was used to determine whether clinicopathological factors affected Esophageal cancer engraftment features L Dodbiba et al survival. Patient samples that were histologically negative for tumor at the time of resection (ie, the patient had a complete response after neo-adjuvant chemo-radiation) were analyzed separately. PTXGs derived from biopsy specimens were also analyzed separately. Two-sided tests were applied. Results were considered significant if the P-value was less than or equal to 0.05. Statistical analyses were performed using SAS v.9.2 (Cary, NC).
RESULTS

Engraftment
A total of 96 patient tumors were implanted between April 2007 and September 2011. Ninety were from fully resected specimens while six were from tumor-derived biopsies. Of these, eight tumors were found to be rare tumor types such as melanoma, sarcoma and neuroendocrine neoplasms, (Figure 1 ) which were removed from further analysis. Two additional tumors were reclassified as gastric cancer and were also removed from the analysis. Of the remaining 80 tumors, 11 were separately analyzed because they came from patients who had a complete response to neo-adjuvant chemo-radiation and had no viable tumor cells in the pathological specimen at the time of resection (eg, pT0). Of these, one sample successfully engrafted and was included in the main engraftment analysis. In total, 70 E/GEJ cancers (16 squamous cell carcinomas and 54 adenocarcinomas) were analyzed for engraftment in NOD/SCID mice ( Figure 1 ). Twenty-three tumors engrafted successfully: 18/54 (33%) adenocarcinomas and 5/16 (31%) squamous cell carcinomas. Two lymphoid proliferations without evidence of an epithelial tumor were found at passage one in two mice that had been implanted with adenocarcinomas; one additional lymphoid proliferation occurred in a mouse implanted with a squamous cell carcinoma in the second passage. A small subset of implantations was carried out in both NOD/SCID and NOD/SCID/IL2Rg À / À mice (in parallel) but no apparent difference in engraftment was found (n ¼ 4). Pretreatment endoscopic biopsies had a 50% (3/6) engraftment rate. Figure 1 Schematic of the total number of implantations conducted during a span of 4 years. In total, 96 implantations were carried out, six of which were endoscopic biopsies. Eight were of rare histological types while two were reclassified as gastric cancers. Of the remaining 80 tumors 11 were found to have no viable cells in the clinical specimen (after treatment); One of these specimens engrafted and was reintroduced into the pool of implanted tumors. Of the implanted tissues 54 were adenocarcinomas and 16 were squamous cell carcinomas. From the adenocarcinomas, 18 were successfully engrafted as E/GEJ cancers while two grew as lymphomas. In the squamous cell carcinoma pool, five were engrafted and one converted into a lymphoma after the second passage. Of the six endoscopic biopsies that were implanted, three were engrafted successfully.
Patient Demographics
Demographics were analyzed for the 70 patients with viable resected E/GEJ cancer, including factors such as DFS, pathological stage, differentiation, location of malignancy and preoperative treatment (Table 1) . Only 31% of patients with squamous cell carcinomas presented with advanced stage disease compared with 65% of patients with adenocarcinoma (P ¼ 0.02). As expected, the vast majority of adenocarcinomas were found in the GEJ (78%) while squamous cell carcinomas were more prevalent in the mid-esophagus (44%, P o0.001). Age, DFS, differentiation and neo-adjuvant chemo-radiation were not significantly different between the two subtypes.
Clinicopathological Predictors of Engraftment
A summary of all clinicophathological characteristics is shown in Table 2 . Each characteristic was first analyzed in all tumors and separated by histology: adenocarcinomas and squamous cell carcinomas.
Overall, tumors that had been pretreated with chemoradiation had a lower chance of engraftment (P ¼ 0.02, Table 3 ). Changing the implantation site from the lower-right abdomen to the flank significantly improved our engraftment rate by twofold (P ¼ 0.04). In a multivariate analysis, only neo-adjuvant chemo-radiation remained significantly associated with a lower chance of engraftment (OR: 0.27, CI: 0.09-0.84).
When evaluating adenocarcinomas alone, (Table 3) , the only significant univariate factors that correlated with improved engraftment were poor differentiation (P ¼ 0.04) and lack of neo-adjuvant treatment with chemo-radiation (P ¼ 0.03). Because of their etiological association with E/GEJ adenocarcinoma, gastro-esophageal reflux disease and Barrett's esophagus were also evaluated as predictors of engraftment; no significance was found (P40.05, each comparison). Multivariate analysis showed that only poor Because there were few squamous cell carcinoma cases in this study, analyses of predictors were considered exploratory. Nonetheless, in this subset, older individuals (P ¼ 0.02) and women (P ¼ 0.02) had a significantly higher chance of engraftment upon univariate analysis (Table 3 ). Factors such as smoking status and alcohol consumption were not significantly associated with engraftment. Implanting samples subcutaneously in the flank proved to have significantly higher engraftment than implanting them subcutaneously in the abdomen (P ¼ 0.03). In an exploratory multivariate analysis, being female was the only variable that remained significantly associated with improved engraftment (OR: 0.03, CI: 0.001-0.5, P ¼ 0.02).
In evaluating all engrafted tumors, time to second passage (time from P0 implantation until the end of P1 and passaging to P2) was tested as a potential surrogate marker of tumor aggressiveness whereby more aggressive tumors might engraft faster and grow faster. 9 Time to second passage was compared with many potential predictors, including histological differentiation, stage and neoadjuvant chemo-radiation status. Poor differentiation was the only factor that showed a univariate trend towards shorter time to second passage (P ¼ 0.07); no associations were significant.
Pathological Characteristics of Xenografts
Using our panel of xenograft models, we demonstrated, through blind assessment by light microscopy, that tissue morphology remained similar between passages, correlating well with the original patient tumor (Figures 2a-b, d -e, g-h). Once engrafted, histological features were similar through serial passaging (Figures 2b-c , e-f, h-i and k-l), even in late passages such as P10 (Figures 2b-c) . Some tumors showed more conspicuous morphological differences between patient and xenograft (Figures 2j-l) , but reflected variability in sampling, as there were always specific areas of the tumor that matched the morphology and differentiation grade of the xenograft (Supplementary Tables 3 and 4) . Morphologic heterogeneity observed in the original tumor (Figures 3a and  b) was also reflected in xenografts of the first passage (Figures  3c-d) and was mostly conserved after serial passaging (Figures 3e-f) . Although the vast majority of xenografts remained similar across passages, a small minority exhibited minor changes such as differentiation into a signet subtype (one adenocarcinoma) and loss of keratinization (one squamous cell carcinoma). Generally, xenografts exhibited a higher amount of mitotic cells when compared with their P0 counterparts. Overall, case-by-case assessment found that stroma did not noticeably change with serial passaging.
Consistent with other studies, 9, 20 we have also seen the formation of lymphoid proliferations/lymphomas in four implantations. Three cases (one adenosquamous and two adenocarcinomas) were replaced by tumor-forming lymphoid proliferations in P1. Another case was seen with an established squamous cell xenograft that was replaced by a lymphoid mass in passages 2 and 3.
None of the tumors exhibited metastasis from the initial site of implantation and all initially implanted tissue was able to reach late passages (unless discontinued for technical reasons). A full list of characteristics for all engrafted and non-engrafted tumors is presented in Supplementary Tables 1  and 2, respectively. STR profiles of 18 samples closely matched their corresponding patient STR. One differed across many loci, Patients with no available information on differentiation were not included in the calculation.
Esophageal cancer engraftment features L Dodbiba et al exhibiting change across passages; this represented underlying genetic instabilities, and not line contamination as the progression of instability could be traced from passage to passage. The four remaining samples could not be compared due to lack of available, high quality, non-degraded research tissue. Even though these samples could not be confirmed through STR, their morphology and differentiation closely matched that of the original patient.
Ability to Engraft and Survival
To determine if engrafted tumors were more aggressive than their non-engrafted counterparts, we assessed the OS and DFS for patients by engraftment status. In addition, to eliminate the effects of neo-adjuvant chemo-radiation, we performed the same analysis in the subgroup of patients that was not treated with chemo-radiation.
The 70 resected patients had a median OS of 2.17 years and median DFS of 1.45 years; no significant differences by engraftment status were observed. The hazard ratios for OS by engraftment status (engraftment vs non-engraftment) are presented in Supplementary Figure 1A . The hazard ratios for DFS were 1.2 (CI: 0.5-3.0) for all patients and 1.02 (CI:0.4-2.5) for the adenocarcinoma subset. Results were similarly negative after neo-adjuvant chemo-radiation status was taken into account (Supplementary Figure 1B,  P40. 2). 
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Chemosensitivity of E/GEJ Cancer Xenografts Chemosensitivity of two PTXG models is presented in Figure 4 to determine the utility of such models for studying new therapies and therapy resistance. Each line was treated with a combined single dose of cisplatin (5.4 mg/kg) and paclitaxel (9 mg/kg) when the average tumor size was in between 250-300 mm 3 . Each treatment arm had 10 mice for a total of 20 mice tested for each PTXG model. Line one was treated on the 55th day after implantation and exhibits a clear growth delay indicating that it is chemosensitive (Figure 4a ). In contrast, line eight was treated on day 30 and showed no delay in growth compared with the control (Figure 4b ).
DISCUSSION
In this study, we have confirmed the feasibility of creating primary human E/GEJ cancer xenograft models using freshly resected and endoscopic biopsy-derived tumor specimens from patients. Contrary to previous studies, [17] [18] [19] we focus less on feasibility and more on whether any clinical parameters correlated with engraftment as well as how representative the xenografts are of patient samples. In studying the characteristics of engrafted samples we hope to create a preclinical model that can be used to investigate carcinogenesis, identify mechanisms of resistance to current treatments and test new therapeutic agents.
The highest proportion of engrafted samples was seen in patients whose resected tumors were not treated with Esophageal cancer engraftment features L Dodbiba et al neo-adjuvant chemo-radiation (44%). Although the rate decreased significantly (17%) in patients treated with neoadjuvant chemo-radiation, some tumors did engraft. Samples that engrafted despite being pre-treated with chemo-radiation are important because they may represent models of resistance. Engraftment rates were lowest in the subset of patients that had no viable tumor left after treatment (9%). As a result of our experiments with resected specimens, we started to implant treatment-naive endoscopic biopsies to improve the representativeness of these models for studying carcinogenesis and molecular biology. We demonstrated a similar engraftment rate (50%) compared with untreated resection tissue. Thus the feasibility of using endoscopic biopsies to create xenograft models greatly increases the utility and scope of our PTXG models. PTXGs may be potentially useful for testing sensitivity of therapeutic agents commonly used in clinic: we discovered a PTXG model sensitive to cisplatin-paclitaxel chemotherapy (Line 1) and another model that was resistant (line 8). The potential usefulness of these models requires additional research.
Consistent with other studies, 8, 20 we found lymphoid proliferation in a small group of mice (3/80 or 4%). These lymphomas might come from mouse origin as no visible signs of lymphoid growth were apparent in the original tumor or early passage xenografts. In any case, this indicates a potential limitation to this model as unwanted lymphoid growth might interfere with normal experiments.
Previous models of E adenocarcinoma that were developed using nude mice 17, 18 showed engraftment rates of B30-35%. None of these studies indicated whether their samples received any neo-adjuvant chemo-radiation. If these previous studies involved primarily untreated patient tissue, then our PTXG models represent a 10-15% improvement in the engraftment rate. Similarly, squamous cell carcinoma xenografts have also been established using nude mice 19 and showed an engraftment rate of B44%. Again, there was no indication whether samples received neo-adjuvant chemoradiation. By using the same implantation procedures, we also demonstrated that adenocarcinomas and squamous cell carcinomas have similar engraftment rates.
In the E/GEJ adenocarcinomas, poor differentiation was the only significant factor associated with improved engraftment in multivariate analysis. Poorly differentiated tumors have higher engraftment rates in other xenograft models such as early stage lung, 9 head and neck, 21 and breast cancer. 10 All of these models also showed a lower overall patient survival for engrafted specimens when compared with their non-engrafted counterparts, suggesting a bias towards engraftment of more aggressive tumors. In contrast to these other models, however, there was little indication that engrafted E/GEJ tumors in our sample were associated with more aggressive tumor behavior than non-engrafted models, even after accounting for neo-adjuvant chemo-radiation in the analysis. The only evidence was a non-significant trend towards early passaging in poorly differentiated tumors at P1. This suggests, but does not prove, that our E/GEJ PTXG models may be less biased towards engraftment of only the most aggressive forms of these cancers. Unlike these other cancer sites, E/GEJ cancers are generally very aggressive; our patient sample had a median DFS of only 1.4 years. The uniform aggressiveness of these tumors might explain why engrafted and non-engrafted tumors have similar OS even after adjusting for clinical factors such as stage and differentiation.
Only 5 of 16 squamous cell carcinomas engrafted. The small denominator represents the North American trend towards a decreasing incidence of squamous cell carcinomas, but poses significant limitations to our understanding of the predictors of engraftment in these samples. Although the multivariate analysis suggested that tumors from women engrafted at a higher rate, the univarate analysis suggests that, in addition, older patients and those engrafted in the flank were also more likely to engraft. A larger sample is necessary to draw conclusions. When we changed the location of implantation from the abdomen to the flank of the mice half way through this series, engraftment rates improved. This alteration may have resulted in a change of microenvironment. In contrast, implantations in the mouse esophagus (the orthotopic site) were not performed because such tumors may obstruct food from entering the stomach, causing the mice to starve and render serial tumor measurements more difficult.
The majority of engrafted PTXGs histologically resembled their parent tumor (P0) and remained morphologically stable after multiple passages. Within some P0 tumors, heterogeneity of tissue morphology was observed, where some tumor areas were poorly differentiated while other areas were moderately differentiated. Similar heterogeneity was seen in the corresponding xenograft, a phenomenon not typically described in cell lines. Unlike xenograft models of ovarian cancer 22 and adenoid cyst carcinoma, 23 the histology and morphology of most E/GEJ PTXG models remained relatively stable even up to late passages (P5 and beyond). Beyond these late passages areas of necrosis and cellular debris notably increased. Genetically, most xenografts were stable across many passages. One exception was observed when considerable mutations appeared in later passages. This, however, is probably an indication of the genetic instability present in the patient tumor. In addition, no xenografts ceased to be passaged once established. Previous E adenocarcinoma 17 and squamous cell carcinoma 19 xenograft models reported that long-term multiply-passaged xenografts could only be established in 32% and 24% of all engrafted tumors, respectively. In our series, if a xenograft line did cease to be passaged in our series, it was due to loss of the mice from sickness or other complications. Even after accounting for losses due to any factor, we were still able to serially passage xenografts in greater than 80% of cases. Such a phenomenon might be related to a difference in the mouse strain: we utilized NOD/SCID mice compared with nude mice which are less immunocompromised. The full repertoire of immune cells is deficient in various degrees in all xenograft models. How the extent of immunosuppression affects the biology of the xenograft and its impact on various treatments is yet to be determined.
In conclusion, primary xenografts in NOD/SCID mice have the ability to reconstitute tumors that are morphologically similar to the patient tumor, demonstrating comparable heterogeneity. Although poor differentiation and lack of neo-adjuvant chemo-radiation were associated with improved engraftment rates, all disease stages and histological differentiations were engraftable, suggesting that creating a representative distribution of E/GEJ PTXGs is feasible. Endoscopic biopsies were also shown to be feasible in establishing PTXGs. Overall, this model has the potential to be used as a preclinical tool to study tumor biology, acquired and de novo resistance to therapies as well as to test sensitivity of novel therapeutics. In order to improve on our knowledge of these models, in the future, we will focus on their genetic and molecular stability.
